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The four-nucleon system, that is the a particle, is a tightly bound and strongly correlated system.
I )
Therefore, it is of great interest to investigate this nucleus on the basis of realistic nucleon-nucleon (NN) interaction, and develop the understandings of nuclear many-body correlations such as the short-range correlation and Dwave correlation which are important but lacking in the model calculations. In order to proceed with these researches, it is necessary to analyze the variety of experimental data on the basis of the four-body wave functions generated with realistic NN potentials. The realistic four-body wave function, however, is too tedious to be handled. From these points of view, in the preceding paper,2) we have provided the realistic density functions of the a particle by applying the A TMS method,a) and presented them as a sum of Gaussian functions for the practical convenience.
Succeeding to it, in this paper, we present the various momentum distributions of the a particle and, expand them by Gaussian functions in the same way. The momentum distributions would provide us another imformation on the short-range correlation and D-wave correlation. Moreover, in intermediate-energy hadronnucleus reactions, it is the momentum distribution that is directly derived from the cross sections as explained below. Suppose a process shown in Fig incident particle "a" strikes a particle "b" in the target. Then the plane wave impulse approximation, which could be applicable in the intermediate energy region, gives 4 ) [
where W is the momentum distribution of the relative motion between "b" and *) Present address: Research Center for Nuclear Physics, Osaka University, Ibaraki 567.
"c" which is the remainder of the target nucleus, (d(f/dQ)~rg is the elementary" a" +" b" differential cross section in their center-of-mass frame and [K· F] is the kinematical factor. 4 ) By using this equation, we can derive the momentum distribution experimentally, which includes the information on the nuclear correlation. Therefore, the . realistic momentum distribution, which is given in this paper, would give us the decisive information on the nuclear correlation through the analysis of experimental data.
( The organization of this paper is as follows. In § 2, we give the formulation of various momentum distributions. In § 3, the results are shown with their Gaussian· expansions. Concluding remarks are summarized in § 4. § 2.
Formulation of momentum distributions
We applied ATMS (Amalgamation of Two-body correlation into the Multiple Scattering process) method 3 ) to get the realistic four-body wave function. Recently, the method has been greatly developed and, in the case of three-nucleon system, this method gave the same binding energy as Faddeev ones.
)
Therefore, we can consider A TMS wave functions as accurate ones. Here, we use the same four-nucleon wave function as calculated in the previous paper. 2 ) Here is used the Reid soft core Vs model potential 6 ) (RSCVs) as the realistic NN potential, and the explicit form of the wave function is given in Ref.
2). The bound state energy calculated with this wave function is -21.9 (MeV),2) which is short about 6.5 (MeV) compared with the experimental value. This shortage is ascribed to the three-body force/) whose effects on the wave function are expected to be small.
Using this wave function, various types of momentum distributions are defined like the following.
Momentum distribution of the single-nucleon
We define the momentum distribution of the single-nucleon by
where If!a is the a particle wave function and the R/s mean the Jacobi coordinates given by
The normalization is taken to be (2·2) 
(2·5)
where rand r' are expressed by using sand t as
r=(t z +s Z /4+s. t)l!Z,
s· t=s(t)z .
We call this pSN(S) "single·nucleon non-local density function".
(2·7)
Momentum distribution of the two-nucleon-cluster center of mass and twonucleon-cluster relative motion
We define the momentum distribution of the two-nucleon-cluster center of mass by
and the momentum distribution of the two-nucleon-cluster relative-motion by
where rij= r;-rj and u=(n + rz)/2-(r3+ r4)/2. The normalization is taken to be and the kinetic energy of the a particle is obtained by
After replacing rand r' by sand t defined by Eq. (2·5), both momentum distributions can be written as with ,8=TNC, TNR
Here we call pTNC(S) and pTNR(S) "two-nucleon-cluster center of mass non-local density function" and "two-nucleon-cluster relative non-local density function", respectively. The two-nucleon state in the nucleus consists of four states, that is, singlet-even state (IE), triplet-even stateCE), singlet-odd state (IO) and triplet-odd state (30). This state dependence would give us more detailed information on the nuclear correlation. Therefore, as for two-nucleon-cluster relative non-local density function, we calculate four types of non-local density function as the following:
where p6(ij) is the projection operator to -the 6-state. The local two-body density functions give the expectation values of the local two-body operators as shown in Ref.
2), on the other hand, the non-local two-body density functions given here enable the estimation of the non-local two:body operators. It is interesting to see the difference between these two contributions. In order to clarify this difference, we calculate S-wave and D-wave contributions separately.
Momentum distribution of the triton-proton relative motion
The momentum distribution of the triton-proton (t-p) relative motion is connect- 
where 1ff t M , which is just the same one as used in Ref. 8) , is the normalized triton wave function with its spin magnetic quantum number M. sm s (4) and rmt (4) are spin and isospin function of the fourth particle (that is, a proton in this case) whose magnetic quantum numbers are ms and mt respectively. In the present treatment the Coulomb interaction is neglected, therefore the t -P spectroscopic amplitude is just the same as the 3He-neutron spectroscopic amplitude. Now the momentum distribution of the t -P relative motion is calculated by
(2'17)
Momentum distribution of the deuteron-deuteron relative motion
The deuteron-deuteron (d-d) spectroscopic amplitude in the a particle is given by
where R is a value of the relative coordinate (n + r2)/2-(r3+ r4)/2 between the -centers of two deuterons, and the other notation is the same as Ref.
2). Next, we define the mqmentum space amplitude of the d -d relative motion as the following:
where WLdd(k) is explicitly written as
wLdd(k)=iL4rc fdrr2jL(kr)FLdd(r).
Then, the momentum distribution of the d -d relative motion is defined by
ml,m2 § 3. Results and discussion
Non-local density functions and the spectroscopic amplitudes
First we show the nonlocal density functions pSN(S), pTNC(S) and p<rTNR(S) defined by Eqs. (2,6), (2,13) and. (2, 14) in Fig. 2 . Here, p<rTNR(S) should be useful for the estimation bf the expectation value of the non-local two-body operator .
. Next, t-p and d-d spectroscopic amplitudes are shown in Fig. 3 . Here, the d-d spectroscopic amplitude is the one which is calculated in Ref.
2). But we show it here again for completeness. These spectroscopic amplitudes are available for the analysis of (t, a) and (d, a) reactions. Here it is noted that the present amplitude is expected to be accurate in the interaction region, but a correction is needed in the tail region, because the tail of the a-particle wave function is poorly determined in the variational treatment. A calculation taking into account such tail correction is now in progress, and will be published elsewhere.
Gaussian expansion
In this section, we give Gaussian expansions for the non-local density functions and spectroscopic amplitudes obtained above, in the same way as Ref.
2). The Gaussian expansions for these functions have a great convenience, because using them the momentum distributions, which are Fourier transforms of those functions, can be calculated analytically. Therefore, we expand the density function f( r) as ,
The expansion coefficients and range parameters bi for the non-local density functions and the top and dod spectroscopic amplitudes are summarized in Table 1 .
We check the accuracy of these expansions by calculating an overlap integral between I(r) and IG(r) 5) and taking a ratio to </1/>-The results are shown in Table II. This table shows that all the overlap integrals are close to unity, denoting that the Gaussian-function representations are highly accurate.
3_3. Results of momentum distributions
N ow we can easily calculate the various momentum distributions which are the Fourier transforms of non-local density functions and spectroscopic amplitudes making use of Eq. (3'4)_ Results of the momentum distributions of single and two- In order to see the low momentum property we calculate W SN by using the harmonic-oscillater wave function defined by /J=Mw/-n ,
and then W SN is calculated to be
This equation shows that the harmoniC-oscillator momentum distribution has rapidly fall-off Gaussian shape. Our realistic momentum distribution deviates from this Gaussian shape but has shoulder-like shape at k=2.5(fm-1 ) as seen from S-wave contribution of Fig. 4(a) . This is the high-momentum component which is lacking in the model treatment and is considered to come from the short-range correlation. The D-wave correlation has about the same magnitude around this momentum region, which means that we cannot see these two contributions separately in this momentum distribution.
For W TNR , the high-momentum component appears at k~1.5(fm-1) as seen from Fig. 4(b This experiment is the best way to derive the t -P momentum distribution of the a particle, which gives the crucial information on the short-range correlation in the nucleus. The detailed discussion about this topic is already given in Ref. 
. Summary and conclusion
We have presented a variety of momentum distributions of the a particle using the ATMS wave function generated with the RSCVs potential. The main results are summarized as follows: (1) The non-local density functions: We calculate three types of non-local density functions, that is, the density functions of single-nucleon pSN(S), two-nucleon-cluster relative motion pTNR(S) and two-nucleon-cluster center of mass pTNC(S). Among them, pSN(S) and pTNR(S) are available for the estimation of the expectation values of non-local one-and two-body operators. (2) The top and dod spectroscopic amplitudes, FtP(R) and Fdd(R): They are derived from d, t and 4He wave functions generated with the RSCVs potential. These amplitudes are expected to be accurate in the interaction region. Therefore, they can be used in DWBA analysis of Ct, a) and (d, a) reactions. But, they need a correction in the tail region, and a calculation taking into account such tail correction is now in progress. (3) The non-local density functions pes) and the spectroscopic amplitudes F(R) calculated above are well represented as a sum of Gaussian functions. (4) The momentum distributions of the single-nucleon WSN(k), two-nucleon-cluster relative motion W<TTNR(k) and two-nucleon-cluster center of mass WTNC(k), which are the Fourier transforms of pSN(S), p<TTNR(S) and pTNC(S), are calculated analytically by using the Gaussian expansions given above. All of these momentum distributions deviate from Gaussian shape of harmonic-oscillator model at some momentum region, because of the high-momentum distribution that is considered to come from the short-range correlation. The D-wave correlations have about the same magnitude around this momentum region. In this paper, the various types of momentum distributions are represented as a sum of Gaussian functions for convenience. In this way, the realistic momentum distributions of the a particle has now become accessible to everyone. By using these momentum distributions adding to the density functions given in Ref. 2 ), we could develop our understandings of nuclear phenomena on the basis of realistic interaction.
